Gamma-ray burst (GRB) afterglows have provided important clues to the nature of these massive explosive events, providing direct information on the nearby environment and indirect information on the central engine that powers the burst. We report the discovery of two bright X-ray flares in GRB afterglows, including a giant flare comparable in total energy to the burst itself, each peaking minutes after the burst. These strong, rapid X-ray flares imply that the central engines of the bursts have long periods of activity, with strong internal shocks continuing for hundreds of seconds after the gamma-ray emission has ended.
Gamma-ray bursts (GRBs) are the most powerful explosions since the Big Bang, with typical energies around 10 51 ergs. Long GRBs (duration > 2 s) are thought to signal the creation of black holes by the collapse of massive stars (1 2 - 3 4) . The detected signals from the resulting highly relativistic fireball consist of prompt gamma-ray emission (from internal shocks in the fireball) lasting for several seconds to minutes, followed by afterglow emission (from external shocks as the fireball encounters surrounding material) covering a broad range of frequencies from radio through X-rays (5 6 -7). Because of the time needed to accurately determine the GRB position, most afterglow measurements have been made hours after the burst, and little is known about the characteristics of afterglows in the minutes following a burst, when the afterglow emission is actively responding to inhomogeneities in both the fireball and the circumburst environment.
The Swift (8) X-ray Telescope (XRT)(9) provides unique and novel X-ray observations of young Gamma-ray Burst (GRB) and X-ray Flash (XRF) afterglows, beginning in the first few minutes after the burst. (Here we use the terms "burst" and "prompt emission" to refer to the burst seen in hard X-rays and gamma rays, and the term "afterglow" to refer to the soft X-ray, optical, and radio emission seen after the end of the detectable hard X-ray prompt emission.) Between 23 December 2004 and 5 May 2005, the XRT observed 13 afterglows within 200 seconds of the onset of GRBs discovered by the Swift Burst Alert Telescope (BAT) (10) . In most cases the XRT found a bright, monotonically decaying afterglow (11 12 - 13 14) . By contrast, the afterglows of both XRF 050406 and GRB 050502B (15) were a factor of 10 -1000 times fainter than previous XRT-detected afterglows at T+100 s, but brightened rapidly several minutes later before decaying back to their pre-flare fluxes (Fig. 1 ). The afterglow of XRF 050406 brightened by a factor of 6 between 150 and 213 s post-burst and is similar to X-ray flares observed in a few previous cases (16) . GRB 050502B is qualitatively different, with a giant flare that brightened by a factor of ~500 to a peak at T+740 s. This flare contained roughly as much energy (~9×10 -7 ergs cm -2 , 0.3-10 keV) as the prompt emission observed by the BAT (8×10 -7 ergs cm -2 , 15-350 keV), something never before seen and quite unexpected.
The rise and fall of the flare in XRF 050406 are both very steep. Following standard practice, we characterize the X-ray afterglow decays as power-laws with the Xray flux varying as F x ∝ t α , where t is the time since GRB onset. Using this same form to describe the X-ray flare, we find α = +4.9 ± 0.3 during the rising portion, and α = -5.7 ± 0.6 during the decay, with δt/t peak ~ 0.3 and 0.6 for the rise and fall times, respectively.
(The flare slopes are more symmetrical if the underlying power-law afterglow decay is subtracted off.) Such large slopes cannot be explained by external forward shocks, where the radiation physics implies a slower decay, with the decay time δt comparable to the post-shock time t (17) . The shape of the flare is reminiscent of that expected for an external reverse shock, created in the outflow when the forward shock is slowed significantly by interaction with an external medium. However, reverse shocks are expected to be far less steep and should be seen in the optical, not the X-ray, band.
Synchrotron self-Compton (SSC) models may be able to produce X-ray emission from a reverse shock, but only for carefully balanced conditions (18) . A far more natural explanation for this flare is continuation of strong internal shocks to a time of at least T+213 s.
The flare in GRB 050502B is slower, with δt decay /t ~ 1, but the sharp spike at T+740 s (seen in the hard band in Figure 2b ) argues against an external shock mechanism (17) . If produced by internal shocks, energy production by the central engine must continue for at least 740 s after the burst begins in this case. (19) .
With the exception of the flare at 213s, the count rate of XRF 050406 was very low and detailed time-resolved spectroscopy is not possible. We can obtain some information on the spectral evolution of the flare, however, by dividing the data into two energy bands and examining light curves in those bands. Figure 2a shows the light curves in the 0.2-0.7 keV and 0.7-10 keV bands, together with the ratio of these bands. There is significant spectral evolution during the first 400 seconds of this afterglow. During the rising flare (about T+180s to T+200s) the hard band flux spikes up rapidly while the soft band flux remains constant, indicating that the flare is harder spectrally than the underlying afterglow. In fact, the rising portion of the flare contributes no significant flux between 0.2 and 0.7 keV, while increasing the count rate in the 0.7-10 keV band by a factor of four. This provides strong constraints on the flare mechanism: it is difficult to quadruple the flux in the high energy band while the low energy band remains constant, unless the flare is strongly absorbed by a column of neutral gas (with N H~1 0 21 cm -2 ) that does not affect the underlying afterglow. However, the soft band peaks during the time bin following the overall peak, indicating that the emission softens substantially as the flare decays away. If absorption is invoked for the rising portion of the flare, then the absorption seems to decrease significantly during the flare decay, suggesting that the absorbing gas may be ionized by the flare (20, 21) . Following the flare the band ratio returns to a value consistent with the pre-flare values. A band ratio plot of GRB 050502B also shows clear indications of spectral variations (Figure 2b) , with a trend similar to that in XRF 050406 (hardening at the beginning of the flare and gradually softening as the flare progresses), although in this case both bands increase during the rising portion of the flare.
We have referred to these events as X-ray flares because they were not detected by the higher-energy BAT instrument on Swift. This is presumably due to the higher sensitivity of the XRT and to the steep spectral energy indices of the afterglows (β = -1.3 for the flare in XRF 050406 and β = -1.4 for the flare in GRB 050502B, where F x ∝ E β ).
In the case of XRF 050406, the prompt emission was classified as an X-ray Flash due to its relatively soft spectrum. The discovery of these large X-ray flares in the afterglows raises the possibility that these flares themselves would be classified as XRFs, had they not been preceded by the higher-energy bursts detected by the BAT. In fact, GRB 050502B appears to be a remarkable combination of a normal GRB followed more than 10 minutes later by an XRF of comparable fluence. [There is indirect evidence for a similar sequence in GRB 031203 (22) ]. If a normal, relatively hard burst like GRB 050502B can produce such a bright X-ray flare through late-time internal shocks, this suggests that XRFs themselves may be related to the characteristics of the central engine rather than to geometrical effects (23, 24) . However, we note that the long durations and smooth temporal profile observed in these X-ray flares are quite different from those typically detected in XRFs (25) .
Both of these afterglows appear to be dominated by long periods of energy production by the central engine, leading to a long period of X-ray emission from internal shocks extending long past the cessation of gamma-ray production. Such activity has been previously suggested as an explanation for extended GRB tails observed by the BATSE instrument (26) . In addition to the large flares several minutes after the burst, the plateaus or bumps beginning several hours later imply either that significant energy is still being injected into the blast wave by refreshed shocks (27) , that the external shocks are encountering dense clumps in the nearby interstellar medium (28) , or that the internal shocks are still continuing up to several days after the burst in the observer's frame. The latter possibility would require that the central engine operated for a time-scale of days, possibly due to fallback of material into the central black hole (29, 30) .
If the central engine is still pumping significant energy into the blast wave at such late times, how can one explain the short duration of the gamma-ray emission? The late internal shocks that produce the flares must produce lower energy photons than the earlier internal shocks. This can be explained by higher bulk Lorentz factors, which result in lower magnetic fields at the larger radius reached by the internal shocks at these late times. For the internal shock model, the typical peak energy is
where L is the luminosity at the flare epoch, R is the internal shock distance, Γ is the Lorentz factor, and δt is the variability time-scale. For a radius R that is 3-10 times larger for the flare than the typical internal shock radius of the burst, E p may be 10 times lower. This is consistent with the detection of these flares in the X-ray band rather than in gamma-rays, and with the large δt observed in the X-ray flares. The higher bulk Lorentz factors may arise because these late-time internal shocks benefit from a low-density channel through the progenitor star, previously excavated by the jets that produce the original gamma-ray burst. These later outflows would then have lower amounts of entrained baryons and higher Lorentz factors, leading to lower photon energies at later times and pushing the late-time internal shock emission below the BAT energy band (15-150 keV). Ref.
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